In this paper a review of the recent studies on the synthesis of zeolites from expanded perlite under hydrothermal conditions is presented. Attention is paid to possible outcomes of synthesis from low cost glass material, such as perlite. The study also investigates the phase composition of zeolitic materials obtained by modification of by-product derived from an expanded perlite production process. The synthesis was made using the hydrothermal method with sodium hydroxide under autogenous pressure at a temperature below 100°C for 1 to 72 h. It was possible to obtain a zeolitic material at a temperature as low as 60°C using 4.0 M NaOH. The X-ray diffraction pattern showed the biggest peak intensity of zeolite X with 4.0 M NaOH at the temperature of 70°C. During synthesis at higher temperature zeolite Na-P 1 (with 3.0 M NaOH at 90°C) and hydroxysodalite (with 5.0 M NaOH at 90°C) were obtained.
Introduction
Zeolites are a group of tectoaluminosilicates characterized by unique physical and chemical properties. They have many important applications. The properties of zeolites arise directly from their specific structure, which is characterized by spatial aluminosilicate framework built from channels and cages that have clearly defined molecular dimensions [1] . Among other things, thermal stability, chemical resistance, very good catalytic properties, molecular sieve, ion exchange, sorption capacity, and so on, caused that these minerals found numerous applications in chemical technology [2] and their importance is increasing.
Natural zeolites occur in crystalline forms found in igneous and metamorphic rocks and as accumulated in sedimentary rocks grains with smaller diameters [3] . However, zeolites can also be obtained under laboratory conditions. The oldest works on the synthesis of silicates under hydrother- * E-mail: mkrol@agh.edu.pl mal conditions dates back to the 50's of the last century [4] . By heating aluminosilicate raw materials in the presence of alkaline solutions, final product can be obtained within a few hours or days, depending on the type of raw materials and process conditions (temperature, pressure). Synthesis parameters and products obtained from different volcanic gasses are collected in Table 1. Type of zeolite structure, which is formed at a given temperature, depends largely on the composition of the starting mixture. However, process parameters, such as pH of the reaction solution, temperature, pressure and treatment time as well as the degree of fineness or mixing of reagents and other factors, affect the crystallization in systems having the same chemical composition [5] . Some properties of products can be controlled during synthesis, for example, the type of structure, the SiO 2 /Al 2 O 3 molar ratio, and pore size or density of the framework.
Various silica carriers, including natural materials, such as kaolinite, volcanic glasses (perlite, pumice), rice husks, diatomite as well as [34] Low-temperature synthesis of zeolite from perlite waste -Part I. . .
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synthetic silicates, are used in zeolite synthesis [6] . The environmental aspect, which involves the use of waste materials, shapes the current trends in research on the synthesis of zeolites [7] . Also the use of natural raw materials for the production of zeolites has economic advantages when compared with the use of synthetic subtracts.
Perlite is a naturally occurring volcanic rock. It is characterized by an amorphous structure. It contains a large amount of bound water (2 to 6 %). Rapid heating of perlite to the temperature of 870°C causes evaporation of water and formation of an expanded structure [8, 9] . Expanded perlite has a very high bulk density and vesicular structure, which results in a multitude of applications [1, 3] . However, expanded perlite waste (subgrain) is formed in the production process, which due to the high volatility is very difficult to store. This waste is a source of reactive silica and therefore can be used in the synthesis of zeolites.
Zeolitization of volcanic glass in a humid atmosphere and in the temperature range of 75 to 250°C occurs spontaneously, but the process is very long [10, 11] . In the laboratory zeolites are synthesized at temperatures below 200°C, most commonly using NaOH (or Na 2 CO 3 ) solutions. Scientific and patent literature in the field of the synthesis of zeolites from waste materials lists a number of factors influencing the type and purity of the products. Among the most important are: time, temperature and pressure of the process, the chemical composition of the reaction mixture prior to crystallization (usually expressed as the SiO 2 /Al 2 O 3 and Na 2 O/SiO 2 molar ratios) and the concentration of reactants [12] . Using perlite as the starting material for the synthesis of zeolites on laboratory scale has been the subject of numerous papers. Zeolites possible to obtain are as follows: hydroxysodalite, analcime, zeolite A, zeolite X and zeolite Na-P 1 as well as phillipsite, merlinoite, chabazite, edingtonite and also epistilbite or heulandite [11, [13] [14] [15] [16] [17] .
Zeolite Na-P 1 (gismondite type structure) is the most stable product of the synthesis carried out at 100°C for 1 to 4 days [11, 15] . At higher temperatures zeolite Na-P 1 tends to transform into analcime [15, 17] , however, its quantity and degree of crystallinity depends on the time of synthesis. Phase diagrams of zeolite synthesized at 140 and 170°C from perlite depending on the NaOH concentration and the SiO 2 /Al 2 O 3 ratio were developed [15] . To adjust the SiO 2 /Al 2 O 3 ratio, rice husk ash (a source of amorphous silica) and AlCl 3 ·6H 2 O were used. Analcime is formed in virtually all conditions, with the exception of the NaOH concentration less than 1.5 M/dm 3 and SiO 2 /Al 2 O 3 ratio below 25. Zeolite Na-P 1 is formed over the range of analyzed conditions, with the exception of high concentrations of NaOH and a high SiO 2 /Al 2 O 3 ratio, when analcime and hydroxysodalite is formed. The latter presumably tends to be formed at high concentrations of NaOH [18] . A higher temperature, in turn, promotes the formation of analcime [4, 15, 19] .
Depending on the process parameters, particularly temperature, it is possible to obtain also other zeolite phases. There is a tendency to try to lower the temperature of the process, with the simultaneous desire to obtain clearly defined, preferably a single-phase product. At relatively low temperatures, in the range of 70 to 100°C, selective synthesis of phillipsite and hydroxysodalite from volcanic glass is possible [20] . At lower NaOH concentrations (below 3 M), regardless of the time of synthesis, pure phillipsite is formed. In contrast, it was found that it is impossible to obtain zeolite Y, as an independent phase, in any of the analyzed cases it coexisted with phillipsite [18] . Synthesis time significantly affects the formation of zeolite Y: its extension results in the transformation into zeolite Na-P 1 [21] . The largest quantities (∼30 wt.%) can be obtained at 90°C after 2 days using a SiO 2 /Al 2 O 3 molar ratio equal to 6 and the NaOH concentration: 5 M/dm 3 [22] .
Conditions for the synthesis of zeolite A are also quite well known. Its synthesis occurs in a short time even at low temperatures (below 100°C), however, its synthesis requires an appropriate composition of the reaction mixture. Application to the synthesis of a silica-rich material (like perlite) requires the introduction of an additional carrier of aluminum. The addition of nucleating agents as well as NaCl favors the 506 MAGDALENA KRÓL et al.
crystallization [13] . Detailed analysis of the crystallization process showed [23] that the zeolite A is an intermediate in the synthesis of stable zeolite X. This phase can be obtained after just one hour synthesis from the reaction mixture having a SiO 2 /Al 2 O 3 molar ratio <3 [23, 24] .
Analysis of above data indicates a tendency of reaction systems to create compact structures. The structural density of the product increases with increasing temperature and the time of synthesis. Among zeolites composed of the same structural units (e.g. sodalite cage) a tendency to transform, in the order: zeolite A → zeolite X(Y) → sodalite, is observed. It was found that the S/L ratio (solid to liquid ratio) does not significantly affect the type of resulting phases, while a temperature, pressure, solution concentration and SiO 2 /Al 2 O 3 ratio are determining factors [18] . The latter parameter is crucial: Si/Al ratio of product is similar to, or lower than Si/Al ratio of starting material [1] . In addition, it has been shown that synthesis using a material with high iron content gives a product with a lower proportion of silicon in the structure [25] . Also the presence of anions in the reaction system can influence the type of the resulting phases [2] .
Synthesis of zeolites takes place in an alkaline medium, wherein, as already mentioned, most of the work focuses on using sodium-rich solutions (NaOH or NaCO 3 ). There are only few studies that use other solutions [13, 26] . It was found [13] that in a closed system at a temperature in the range of 100 to 140°C in a KOH solution during 2 hours to 13 days there arise: phillipsite, merlinoite, chabazite and edingtonite, while in the NaOH solution, under the same conditions, analcime, zeolite Na-P 1 , hydroxysodalite and zeolite A are crystallized. Phillipsite arises only from a silica-rich mixture at a relatively low pH, and essential in its crystallization is a Na/K ratio (it arises only in the presence of K + ions, but the presence of Na + ions favors its formation). Similarly, merlinoite can be synthesized from perlite without the addition of alumina, but at higher concentrations of KOH [13] . Edingtonite and chabazite are rather formed at low temperatures, wherein edingtonite arises only at high concentrations of KOH [13] . In addition, the media of aluminum type, used as additives for adjusting the Si/Al ratio, do not affect the type of resulting product [13] .
Phillipsite is thermodynamically unstable and should behave as an intermediate in the synthesis of clinoptilolite and then mordenite [27] . It was found that phillipsite may be formed at temperatures lower than 150°C in the presence of K + ions and during one week. Longer synthesis time promotes the formation of clinoptilolite, while mordenite is formed at temperatures higher than 140°C from sodium-rich solutions. However, as above, the SiO 2 /Al 2 O 3 ratio is the most important factor determining the nature of the crystallized phases in such a system [28] .
Only few papers deal with the study of zeolites synthesis at low temperature, i.e. <100°C [20, 22, 25, 28] . It was found that as the result of direct reaction with NaOH solution, it is possible to obtain faujasite, phillipsite and/or sodalite by the changing the synthesis conditions. However, this type of process has a great potential due to the possibility of obtaining a low-cost material with high usefulness. Sodium zeolites obtained in the synthesis from natural or expanded perlite can be successfully used in the sorption processes, in particular heavy metals [14, 19, 23, 29, 30] as well as cyanide ions [31] . Results of some studies [31, 32] indicate a tenfold greater cation exchange capacity of synthetic zeolites with respect to the natural ones (e.g. clinoptilolite). If you use the waste material as a substrate, such a process takes on particular significance. It can be concluded that zeolityzation of aluminosilicate materials is a low cost method for the preparation of sorbents that can be used in wastewater treatment processes.
In this paper, the results of an experimental study on the formation of zeolites from expanded perlite waste in various concentrations of alkaline solutions as well as reaction temperature and time were reported. The aim of this study was to obtain suitable absorbent material for environmental applications, assuming the time and energy savings. The specific aims were to analyze the resulting products in terms of zeolite type.
Experimental
The perlite waste used in the zeolitisation experiments was produced during separation of expanded perlite products from air classification (grains size <0.4 mm). XRD analysis confirmed that the compound contained amorphous aluminosilicate phase with a SiO 2 /Al 2 O 3 molar ratio of 9.57. The synthesis was carried out by mixing the perlite with aqueous solution of sodium hydroxide (alternatively potassium or lithium hydroxide) in the concentrations range of 0.5 to 5.0 mol/dm 3 . The solid-to-solution ratio was maintained at 1:15 (g/ml). The reactions were performed under atmospheric pressure. Different temperatures in the range of 30 to 90°C, for various durations: 1 to 72 hours, were used. The final solid products were recovered by filtration and washing with distilled water until the pH of the filtrate was below 10. The samples were dried at a temperature not exceeding 80°C.
The alteration products were identified by means of Philips X-ray powder diffraction X'Pert system (CuK α radiation). The measuring time was 4 hours per sample, in the 2 theta range of 10°to 90°and a step over 0.008°. In order to determine the quantitative composition with an estimate of amorphous phase content, 30 % of corundum as internal standard was introduced into selected samples.
The existence of zeolite frameworks was confirmed by the analysis of the spectra in the middle infrared. The spectra were measured on Bruker VERTEX 70v vacuum FT-IR spectrometer using the standard KBr pellets methods. They were collected in the region of 4000 to 100 cm −1 after 128 scans at 4 cm −1 resolution.
The chemical compositions of perlite waste and resulting samples were determined by the wavelength dispersive X-ray fluorescence spectrophotometer (XRF), (Model Axios mAX 4 kW, PANalytical).
Results and discussion
The effect of reaction temperature and time of the crystallization of zeolites synthesized from expanded perlite waste was examined under the fixed 1:15 solid/liquid ratio in a temperature range of 30 to 90°C. Table 2 shows the experimental conditions and reaction products obtained in NaOH solutions. Depending on temperature and NaOH concentration, the identified phases include zeolite Na-P 1 , zeolite X, zeolite ZSM-20, zeolite A, zeolite ZK-5 and hydroxysodalite. The amount of the amorphous phase determined based on Rietveld analysis is in the range of 27 to 80 %, depending on reaction conditions. An analysis of phase composition of the zeolitization products shows that the synthesis of zeolite is possible using the NaOH solution at a temperature of at least 60°C. Zeolite X appears as a crystal phase at the lowest analyzed temperature. This phase has been formed at 60°C, although very small peak on the XRD pattern is visible after reaction of perlite with 5.0 M NaOH at 50°C. A phase coexisting with the zeolite X is zeolite ZSM-20. A relative amount of these phases varies depending on the reaction conditions: the amount of ZSM-20 decreases with increasing temperature and concentration of NaOH. ZSM-20 is believed to resemble faujasite type zeolite in certain structural aspects, one difference being its higher Si/Al ratio [35] . The largest amounts of zeolite X can be obtained at 70°C: at higher temperature its amount gradually decreases in favor of other phases. At this temperature -70°C -small amounts of zeolite Na-P 1 appear. The highest yield of zeolite Na-P 1 was obtained by the synthesis of 3.0 M NaOH at 90°C for 24 h. It can be said that the formation of Na-P 1 was favored by 3.0 to 4.0 M NaOH (1:15 S/L ratio) at 70 to 90°C. When the reaction was carried out under the influence of 5.0 M NaOH and at 1:15 S/L ratio at 90°C, perlite has been converted to a single phase of sodalite. This synthetic Na-P 1 and hydroxysodalite were used as a standard for further analysis. The occurrences of major phase ranges are shown schematically in Fig. 1 . It has been shown that at temperatures below 100°C the most stable phase is zeolite Na-P1 [11] . In contrast to the sodalite, this phase typically crystallizes under milder conditions. It was suggested that at higher temperatures and NaOH concentrations, zeolite Na-P 1 is unstable and transforms into sodalite, which is confirmed in the related literature [36] . Additionally, an intense peak derived from a zeolite ZK-5 can be seen in diffraction patterns of samples obtained at 80 to 90°C. Minor amounts of LTA also occur as a result of synthesis from the highest analyzed concentrations at a temperature of 70 and 80°C. At a predetermined temperature mineralogical transformations result mainly from a change of the concentration of NaOH, whereas the time and S/L ratio seem to be less important for zeolite formation. It was also an attempt to optimize the time of synthesis. Exemplary XRD patterns are presented in Fig. 2 . For the samples obtained at 90°C using 5.0 M NaOH the first quantity of crystalline phase, zeolite A, is detectable after 1 h. Its quantity is greatest after 3 h and then gradually decreases: zeolite A completely disappears after 6 h. At the same time sodalite crystallizes. It was confirmed that extending the synthesis time results in the transformation of the zeolite X and zeolite A into zeolite Na-P 1 and sodalite [1, 21, 36] . Lengthening reaction time from 24 to 72 h resulted in slight increase in the amount of the resulting phases. However, at the same time qualitative changes could also be observed, e.g. the appearance of Na-P 1 at 60°C as well as disappearance of zeolite ZK-5 at 90°C (Table 1). Based on the obtained results it can be also assumed that synthesis of zeolites at a temperature lower than 60°C probably is possible but may require much longer times than the analyzed 72 h.
The presence of zeolite structures was confirmed by measurements in the mid-infrared range (Fig. 3) . In the spectra of zeolites we can distinguish several groups of bands: the bands connected with the presence of OH − groups and zeolites water in the range of 3700 to 1600 cm −1 ; the bands originating from the internal vibrations of Si-O(Si) and Si-O(Al) bonds, in the range of 1200 to 400 cm −1 ; and the bands in the pseudolattice region of the spectra (800 to 500 cm −1 ), connected with vibrations of overtetrahedral building units (rings built from silicon and aluminum tetrahedra). MIR spectra confirm zeolitization temperature limit of 50°C (Fig. 3) . Starting from 60°C full width at half maximum (FWHM) of the bands derived from the aluminosilicate structure of the material decreases significantly. The de- crease in FWHM of the most intense bands at about 1052 cm −1 indicates the increased proportion of crystalline phases with the synthesis temperature rise. At the same time, with the increase in temperature of the process, the band at about 1052 cm −1 shifts toward higher wave numbers. This situation indicates increasing share of aluminum in tetrahedral positions in comparison to the starting material because the length of Al-O bond is greater than the Si-O bond, and it is further characterized by lower force constant [37] . This indicates the first stage of the analyzed process, which is the dissolution of the raw material [38] ; temperature rise (as well as pH of alkaline solution) causes a greater desilication of the perlite structure. This undoubtedly has an impact on the type of reaction products formed in the setpoint temperature. It can be seen that the position of the analyzed bands has not changed significantly for the samples obtained at temperatures above 60°C. For the product obtained above 80°C the band re-shift toward higher wave number is related to the emergence of the sodalite. The bands associated with the characteristic ring vibrations can be observed in the pseudolattice region of the spectra (Fig. 4) . Based on the sequence of arrangement of the bands in this range it is possible to identify a zeolite structure type [39] . The presence of bands at about 750 and 670 cm −1 is related to the vibrations of 6-membered rings, which occur both in the structure of zeolite X (Fig. 4a) and zeolite Na-P 1 (Fig. 4b) . The spectrum of the sample obtained at 90°C using 5.0 M NaOH (Fig. 4c) is characterized by a group of three bands with a small FWHM: at 725, 702 and 663 cm −1 , which clearly indicate the presence of sodalite.
In order to better understand the processes, other zeolite structures, using other alkaline solutions have been attempted to obtain at low temperature. It was found, that zeolitization of perlite waste did not occur in KOH solution. Obtaining potassium zeolites in the manner analogous to the synthesis with the use of NaOH, i.e. in temperature below 100°C is not possible; however, there is the likelihood of obtaining of disordered structures. Exemplary MIR spectrum of the samples obtained from 5.0 M KOH is shown in Fig. 5b . No bands, which would indicate the presence of zeolite structures in the samples in the pseudolattice region of the spectrum, can be observed (compare Fig. 5c ). The large FWHM of the bands indicates the presence of substantial amounts of amorphous phase. On the other hand, there are differences between the spectrum before ( Fig. 5a ) and after ( Fig. 5b ) treatment with KOH. High pH probably causes dissolution of the amorphous phase.
The band at about 1056 cm −1 is shifted towards lower wavenumbers, which suggests decrease in Si/Al ratio in comparison to the starting material.
The new shoulder at 875 cm −1 can be assigned to Al-OH stretching vibrations for aluminum in octahedral coordination [40] . The situation is different in the case of lithium hydroxide. A similar synthesis, with the use of LiOH solution, results in obtaining crystalline products: lithium silicate and small amounts of lithium carbonate. Ionic radius of the analyzed cations probably plays a decisive role; K + is characterized by relatively large ionic radius, and on the contrary, Li + is small and tends to tetrahedral coordination. Based on related literature it was found that Na + cations act as a template, therefore, the presence in the system of ions other than sodium will have no influence on the structure topology or this influence will be minimal [41] . Obtaining zeolitic material with a good sorption capacity was one of the aims of this study. According to the literature data, synthetic zeolites Na-P 1 and X [21] are characterized by about ten times higher sorption capacity than sodalite [42] . The volume of empty spaces in the structure is the second parameter that indirectly indicates a high sorption capacity of the material:
for zeolite X -47 %, for zeolite Na-P 1 -41 %, and for sodalite -only 35 % [1] . For these reasons, zeolite X -without sodalite -is the most expected phase. In this work, the largest quantities of zeolite X were obtained by using a 4.0 M NaOH solution at 70°C.
The zeolitic materials synthesized under different conditions are characterized by a similar chemical composition (Table 3) . Compared to the initial perlite waste, the chemical compositions of the reaction products have less Si and K and more Na, Ca, Al and Fe. It was confirmed that in the whole temperatures range the amount of sodium taken up increases linearly with increasing amount of sodium present in the solution [18] . Sodium is the main exchangeable cation in the structure balancing the charge of the aluminosilicate lattice of zeolitic materials. From a temperature of 60°C the samples have an excess of sodium in relation to the aluminum atoms. In addition to the zeolite structure and residual glassy phase, sodium is probably bound in carbonates, which was found by measuring the IR spectra (Fig. 3) . The integral intensity of the bands connected with the presence of (CO 3 ) groups in the measured samples increases with the temperature rise. Exchangeable K + , Ca 2+ , and Mg 2+ can balance up to 14 % the zeolite charge. It is also confirmed that with increasing temperature the synthetic zeolites are enriched in Na, Ca and Mg relative to K [18] . As shown above, potassium is not involved in creating the structure of the zeolite in the analyzed system, probably due to its large ionic radius.
It was found that the uptake of Na + ions is the highest in the products containing sodalite. At the same time, the amount of Si remaining in the solid phase decreases gradually. From the viewpoint of application of the material, significant share of aluminum in the structure is expected -low Si/Al ratio (Table 3 ) results in a greater amount of cation exchange positions.
Conclusions
The expanded perlite waste is a promising material for the synthesis of zeolites. Analysis of the Chemical composition [%] data showed that the zeolitization process is efficient only at temperatures exceeding 50°C. Lower temperatures probably are possible but may require much longer times to achieve good yield of the desired product. At the analyzed temperatures, the most stable phase is zeolite Na-P 1 . As a result of the reaction at lower analyzed concentrations of NaOH solution, phase co-occurring with zeolite Na-P 1 is zeolite X, whereas at high concentrations of hydroxide, hydroxysodalite is formed in large quantities.
Based on the analysis of the phase composition of the zeolitization products, i.e. the highest content of zeolite X, it has been found that a material characterized by potentially best sorption capacity can be obtained using a 4.0 M NaOH solution at 70°C and process duration of 24 h. The tightening of the synthesis conditions, i.e. increase of any these parameters, results in obtaining sodalite, which is not preferred due to the assumption of this work. On the other hand, samples, which were obtained at higher temperatures, have lower Si/Al molar ratio and thus potentially higher cation exchange capacity.
